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 A total of 763 faecal samples were collected from western grey kangaroos (Macropus 14 
fuliginosus) in Western Australia and screened for the presence of Cryptosporidium by PCR at 15 
the 18S ribosomal RNA (rRNA) locus. Samples that were positive at the 18S locus were also 16 
amplified at the actin locus. The overall prevalence was 9.3% (71/763). At the 18S rRNA locus, 17 
sequences were obtained for 28 of the 71 positives. Sequence analysis identified four species; C. 18 
fayeri in seven isolates, C. marcopodum in four isolates, C. xiaoi in six isolates and a novel 19 
genotype (kangaroo genotype I) in eleven isolates. Analysis at the actin locus confirmed the 20 
genetic distinctness of the novel genotype. The results of the present study indicate that in 21 
addition to C. fayeri and C. macropodum, kangaroos may be capable of being infected with a 22 
wider range of Cryptosporidium species and genotypes including livestock species such as C. 23 
xiaoi. The novel genotype identified in the kangaroos most likely represents a cryptic species 24 
that requires further analyses to confirm its species status.  25 
Keywords: Cryptosporidium; C. fayeri; C. marcopodum; C. xiaoi;  novel genotype; western grey 26 
kangaroos.   27 
28 











1.0 Introduction 29 
Cryptosporidium is a protozoan parasite that causes diarrhoeal illness in humans and animals. 30 
Currently 23 Cryptosporidium species are regarded as valid (Xiao, 2010, Fayer et al., 2009; 31 
Traversa et al., 2010) with C. parvum and C. hominis the main species infecting humans (Xiao, 32 
2010). Cryptosporidium infection is transmitted by the fecal-oral route and results from the 33 
ingestion of Cryptosporidium oocysts through the consumption of fecally-contaminated food or 34 
water or through direct person-to-person or animal-to-person contact. Water-borne (drinking and 35 
recreational water) transmission of Cryptosporidium is recognized as a public health issue world-36 
wide (Carey et al., 2004; Yoder and Beach, 2010). The oocyst stage is environmentally robust 37 
and is resistant to conventional disinfectants used by the water industry to disinfect water, 38 
including chlorine (Carey et al., 2004; Fayer, 2004). 39 
 In Australia, marsupials are the dominant animals inhabiting water catchment areas 40 
(Power, 2010). Therefore, it is important to determine the potential role that marsupial species 41 
play in the dissemination of protozoa to drinking water sources and the associated human health 42 
risks associated with this. To date, Cryptosporidium has been identified in twelve Australian 43 
marsupial species and seven of these host species belong to the family Macropodidae (kangaroos 44 
and wallabies) (cf. O’Donoghue, 1995; Power, 2010). The main species identified in marsupials 45 
are C. fayeri and C. macropodum (Morgan et al., 1997; Power et al., 2004; 2009; McCarthy et 46 
al., 2008). However, C. muris, C. parvum, C. hominis and possum genotypes have been 47 
identified in Australian marsupials (Warren et al., 2003; Hill et al., 2008; Ng et al., 2011) 48 
 and opossum genotypes I (a subtype of C. fayeri) and II in American marsupials (Xiao et al., 49 
2002).  Published surveys of the prevalence of Cryptosporidium species in marsupials 50 
(kangaroos and possums) have been conducted in New South Wales (NSW) water catchments 51 











(Power et al., 2004; 2005; Hill et al., 2008). However, little is known about the prevalence of 52 
Cryptosporidium species in kangaroos in Western Australia. The aim of the present study 53 
therefore was to characterize the prevalence of Cryptosporidium in western grey kangaroos in 54 
Western Australia. 55 
 56 
2. Materials and Methods 57 
2.1. Sample collection 58 
 A total of 763 faecal samples were collected from western grey kangaroos (Macropus 59 
fuliginosus) from eleven kangaroo harvesting centres in Western Australia between December 60 
2007 and January 2009 (Fig. 1 and Table 1). Kangaroo harvesting or culling is a government 61 
controlled program to maintain viable populations of kangaroos throughout their ranges, in 62 
accordance with the principles of ecologically sustainable development. Faeces were collected 63 
directly from the intestines of kangaroos during the evisceration process, approximately 40 64 
minutes after death using fresh latex gloves to prevent cross contamination between faecal 65 
samples. All faecal samples were placed in individually labelled, airtight 120ml containers and 66 
stored at 2 – 4
o
C until required. For each sample, the location and date of collection was 67 
recorded as well as the sex and approximate age of the animal. 68 
2.2.  DNA isolation  69 
Genomic DNA was extracted from 200mg of each faecal sample using a QIAamp DNA 70 
Mini Stool Kit (Qiagen, Hilden, Germany) or from 250mg of each faecal sample using a Power 71 
Soil DNA Kit (MolBio, Carlsbad, California). A negative control (no faecal sample) was used in 72 
each extraction group. 73 












2.3.PCR amplification and sequencing 75 
All samples were screened at the 18S rRNA locus for Cryptosporidium using a two-step 76 
nested PCR protocol as previously described (Ryan et al., 2003). Positives at the 18S locus were 77 
also screened at the actin locus as previously described (Ng et al., 2006). PCR contamination 78 
controls were used including negative controls and separation of preparation and amplification 79 
areas. The amplified DNA fragments from the secondary PCR product were separated by gel 80 
electrophoresis and purified using the freeze-squeeze method (Ng et al., 2006). Purified PCR 81 
products were sequenced using an ABI Prism
TM
 Dye Terminator Cycle Sequencing kit (Applied 82 
Biosystems, Foster City, California) according to the manufacturer’s instructions with the 83 
exception that the annealing temperature was raised to 58 ºC. The results of the sequencing 84 
reactions were analysed and edited using Chromas lite version 2.0 85 
(http://www.technelysium.com.au), compared to existing Cryptosporidium 18S rDNA sequences 86 
on GenBank using BLAST searches and aligned with reference genotypes from GenBank using 87 
Clustal W (http://www.clustalw.genome.jp). 88 
 89 
2.4. Phylogenetic analysis 90 
 Phylogenetic trees were constructed for Cryptosporidium at the 18S locus and actin locus 91 
with additional isolates from GenBank. Distance estimation was conducted using TREECON 92 
(Van de Peer and De Wachter, 1994), based on evolutionary distances calculated with the 93 
Tamura-Nei model and grouped using Neighbour-Joining. Parsimony analyses were conducted 94 
using MEGA version 3.1 (MEGA3.1: Molecular Evolutionary Genetics Analysis software, 95 
Arizona State University, Tempe, Arizona, USA). Bootstrap analyses were conducted using 96 











1,000 replicates to assess the reliability of inferred tree topologies. Maximum Likelihood (ML) 97 
analyses were conducted using the program PhyML (Dereeper et al., 2008) and the reliability of 98 
the inferred trees was assessed by the approximate likelihood ratio test (aLRT) (Anisimova and 99 
Gascuel, 2006). 100 
2.5.  Statistical Analysis 101 
 Prevalences were expressed as percentage of positive samples, with 95% confidence 102 
intervals calculated assuming a binomial distribution, using the software Quantitative 103 
Parasitology 3.0 (Rozsa et al., 2000). Chi-square and non-parametric analyses were performed 104 
using SPSS 17.0 (Statistical Package for the Social Sciences) for Macintosh OS X (SPSS inc. 105 
Chicago, USA) to determine if there was any association between the prevalence of 106 
Cryptosporidium and factors such as host gender, location, seasonality/rainfall and temperature. 107 
 108 
3. Results 109 
 110 
3.1. Prevalence of Cryptosporidium in kangaroos 111 
 Cryptosporidium was detected in 71 of 763 samples screened at the 18S locus, an overall 112 
prevalence of 9.3% (7.2, 1.4% CI) (Table 1). At the actin locus, 45 of the 71 positives were 113 
successfully amplified and of these 5 were sequenced. The prevalence in the different sampling 114 
locations ranged from 0 to 20% with the highest prevalence in Northcliffe (Table 1). These 115 
differences were significant (p < 0.001). The majority of isolates were obtained from adult 116 
kangaroos, subjectively aged based on the animal’s size and apparent sexual maturity (724/763). 117 











Adults were considered to be those animals 3 years of age and older. Only 21 samples were 118 
collected from pouch young and 18 from sub-adults. No positives were detected in pouch young 119 
and only 2/13 sub-adults from Capel were positive for Cryptosporidium. The remaining 69 120 
positives were detected in adults.  121 
 There were 304 females and 459 males.  There was no significant difference in the 122 
prevalence of Cryptosporidium between males and females (p=0.313). The prevalence in 123 
different seasons ranged from 7.7% to 13.3% and this difference was significant (p<0.001).  The 124 
highest rate was from isolates collected during the 08/09 summer period (13.3%), followed by 125 
the 07/08 summer period (11.6%).  The lowest rate was detected during the 08 autumn sampling 126 
period (7.7%) and the second lowest rate was from the 08 spring period (9.6%). 127 
 128 
3.2.  Phylogenetic analysis of Cryptosporidium species in kangaroos at the 18S and actin loci 129 
 At the 18S rRNA locus, only 28 of the 71 positives were sequenced. Sequence analysis 130 
identified four species; C. fayeri in seven isolates, C. marcopodum in four isolates, C. xiaoi in six 131 
isolates and a novel genotype hereafter referred to as kangaroo genotype I in eleven isolates 132 
(Table 2). Kangaroo genotype I was identified in kangaroos from five of the eleven locations 133 
(Capel, Bridgetown, Eneabba, Manjimup and Northcliffe) and all were from adults or sub-adults.  134 
 Phylogenetic analyses of the partial nucleotide sequence of the 18S locus using Distance, 135 
Parsimony and ML analyses produced similar results (Fig.2 NJ tree shown).  Kangaroo genotype 136 
I formed a distinct clade on its own and shared 97.4-97.2% similarity with the deer genotype 137 
(AY120910) and C. ryanae and between 96.9- 84.7% similarity with all other Cryptosporidium 138 
species and genotypes. At the actin locus, kangaroo genotype I was also genetically distinct and 139 
shared 84.6% and 84% similarity with goose genotype 1 and the deer genotype respectively and 140 











83.8-77.9% similarity with all other Cryptosporidium species and genotypes (Fig.3 NJ tree 141 
shown). At both loci, kangaroo genotype I was also closely related to C. bovis and pig genotype 142 
II. 143 
 144 
4. Discussion 145 
 146 
 In the present study, the prevalence of Cryptosporidium in wild western grey kangaroos 147 
was 9.3%. This is similar to a previous study, which reported a prevalence of 6.3% (239/3,557) 148 
for Cryptosporidium in faecal samples from eastern grey kangaroos (Macropus giganteus) in 149 
NSW (Power et al., 2005). Another study on common brushtail possums (Trichosurus vulpecula) 150 
reported that Cryptosporidium occurred with a higher prevalence in possums from urban habitats 151 
(11.3%) than in possums from woodland habitats (5.6%) (Hill et al., 2008). A previous study on 152 
eastern grey kangaroos, reported that the highest rate was found in autumn (Power et al., 2004). 153 
In the present study on western grey kangaroos, the highest prevalence was detected in summer. 154 
The majority of positives were detected in adults, but this is likely due to the limited number of 155 
pouch young and sub-adults that were harvested.  Further investigations are required to 156 
understand the prevalence of Cryptosporidium in different age groups based on larger numbers 157 
of fecal samples from sub-adults and pouch young. 158 
 A total of four different species were identified in the present study; C. fayeri, C. 159 
marcopodum, C. xiaoi and kangaroo genotype I. Cryptosporidium fayeri and C. macropodum 160 
have previously been reported in a red kangaroo (Macropus rufus), a koala (Phascolarctos 161 
cinereus), eastern grey kangaroos, western grey kangaroos, a yellow-footed rock wallaby 162 
(Petrogale xanthopus), a swamp wallaby (Wallabia bicolour) and a western-barred bandioot 163 











(Peremeles bougainville) (Morgan et al., 1997; Power et al., 2004; 2009; McCarthy et al., 2008; 164 
Ryan et al., unpublished; Weilinga et al., unpublished). Both of these species appear to be host 165 
adapted and not associated with diarrhoea in their marsupial hosts (Power and Ryan, 2008; Ryan 166 
et al., 2008), however, C. fayeri has recently been reported in a human case of cryptosporidiosis 167 
(Waldron et al., 2010). 168 
This is the first report of C. xiaoi in marsupials. This species is a recently described species 169 
infecting primarily sheep (Fayer and Santin, 2009). The identification of C. xiaoi in the 170 
kangaroos suggests that they may have picked up the infection from grazing on sheep pastures. 171 
In a previous study on sheep, C. fayeri was identified in 4 sheep faecal samples (Ryan et al., 172 
2005), indicating that grazing on contaminated pastures can result in transmission.  Whether the 173 
kangaroos were actually infected or simply mechanically transmitting the organism remains to be 174 
determined.  175 
The identification of C. xiaoi in the kangaroos in the present study, represents only the fourth 176 
report of Cryptosporidium species in marsupial faeces other than C. fayeri, C. macropodum, 177 
opossum genotype II and the possum genotype I, which are all thought to be marsupial adapted. 178 
Previously, oocysts from 11 bilbies (Macrotis lagotis) in a captive colony were identified as C. 179 
muris, with transmission most likely via rodent faecal contamination of feed or water, which was 180 
supported by the identification of C. muris in mice trapped in bilby pens (Warren et al., 2003). 181 
More recently, C. parvum/hominis-like sequences were identified in possums (Hill et al., 2008), 182 
but this could not be confirmed at a second locus. Similarly, a recent study in NSW identified C. 183 
parvum and C. hominis in kangaroos and a wallaby from the Sydney Water catchment but this 184 
could not be confirmed at a second locus (Ng et al., 2011). 185 











 Kangaroo genotype I was identified in eleven isolates, which did not group with any 186 
previously reported marsupial species or genotypes. Phylogenetic analyses at both the 18S rRNA 187 
and actin loci suggest that kangaroo genotype I is most closely related to the deer genotype and 188 
goose genotype I and may be a distinct species, as the range of genetic similarities between 189 
kangaroo genotype I and all other Cryptosporidium species at the 18S rRNA locus was 97.4- 190 
84.7% and at the actin locus it was 84.6-77.9%. This is within the range of the percent 191 
similarities between currently accepted Cryptosporidium species at the 18S rRNA locus (89 to 192 
99.8%) and the actin locus (76 to 98.7%) and is one of the criteria used to delimit species within 193 
the genus Cryptosporidium (Xiao et al., 2004). This genotype has not been previously reported in 194 
humans or other animals and is unlikely to be zoonotic. Unfortunately morphological 195 
characterization of the genotype was not possible as the faecal samples were no longer available 196 
at the time of testing, but the placement of this genotype with the intestinal clade suggests that it 197 
may be similar in size and shape to C. parvum.  198 
The results of the present study indicate that in addition to C. fayeri and C. macropodum, 199 
kangaroos may be capable of being infected with a wider range of Cryptosporidium species and 200 
genotypes including livestock species such as C. xiaoi. Kangaroo genotype I most likely 201 
represents a cryptic species that requires further biological analyses to confirm its species status. 202 
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Fig 1. Map of Western Australia showing the 11 sampling locations for western grey kangaroos 276 
in the present study.  277 
Fig. 2. Evolutionary relationships of Cryptosporidium marsupial-derived isolates inferred by NJ 278 
analysis of 18S rRNA sequences. Percentage support (>50%) from 1000 pseudoreplicates from 279 
neighbor-joining analyses indicated at the left of the supported node (ns = not supported). 280 
Fig. 3. Evolutionary relationships of Cryptosporidium marsupial-derived isolates inferred by NJ 281 
analysis of actin sequences. Percentage support (>50%) from 1000 pseudoreplicates from 282 















Table 1. The prevalence of Cryptosporidium in western grey kangaroos in the 








      
Capel 186 58 128 17 9.1 (5,13.3) 
Badgingarra 110 45 65 5 4.5 (0.7,8.4) 
Northcliffe 40 8 32 8 20 (7.6,32.4) 
Preston Beach 47 29 18 4 8.5 (0.5,16.5) 
Nannup 31 14 17 4 12.9 (1.1.24.7) 
Eneabba 88 45 43 8 9.1 (3.1, 15.1) 
Manjimup 82 26 56 8 9.8 (3.3,16.2) 
Boyup Brook 75 41 34 8 10.7 (3.7,17.7) 
Bridgetown 54 24 30 9 16.7 (6.7, 26.6) 
Myalup 38 13 25 0 0 
Scott River  12 1 11 0 0 
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